Introduction
Manufacturing plays a vital role in the global economy, which contributes 16% to the global GDP (Manyika, Sinclair and Dobbs, 2012) . The era of mass production has introduced products with shorter life cycles, which lead to reduced utilization of purpose-built production systems (Fleschutz et al., 2008) . Furthermore, the alarming environmental issues has forced the legislators, industry leaders and active consumer groups to focus on reusing production equipment in new production lines (Polonsky, 1994; Rose, 2000) . The trend towards system reusability is expected to improve the cost efficiency of manufacturing industries, while positively impacting the environmental and social welfares (Fleschutz et al., 2008) . The environmental, social and commercial impact of a manufacturing system can be foreseen during its design phase (Haapala et al., 2013) . It is also estimated that 70-80% of the total cost of the system can be predicted by the end of the design phase (Ullmann, 2002) . Therefore, it is important for the design phase to include additional features that enables long term system sustainability. In this direction, the vision of the ReBorn Project (2013) is to incorporate reuse strategies in the design and production phases of the manufacturing systems, while creating new business opportunities for system maintenance, service and integration. This paper focuses on design of modular assembly systems while providing suitable methods and tools to access the reuse suitability of used equipment modules. Generally, the design of assembly systems is a knowledge-intensive process, where the actors involved require continuous informational support throughout the process. Modularisation is a key feature that shortens redesign, resists obsolescence, realises existing modules in new designs, eases maintenance and reduces costs (Rogers and Bottaci, 1997) . Ferreira and Lohse (2012) ; Cavin et al., (2013) proposed an automated system for assembly modelling, which envisages the reuse of assembly components via modularization of information systems. The modelling followed an objectoriented approach and provides templates confined to specific semantic definitions. Wang et al., (2014) ; Xu et In the current globalized context, knowledge sharing across geographically distributed actors is becoming mandatory to deliver real gains (Lohse et al., 2004) . In this direction, Lohse (2006) proposed an integrated web-based collaborative framework for the design of assembly systems supported by domain ontologies, which highlights the detailed inter-dependencies and relationships of systems. Furthermore, the continuous addition of new paradigms in the assembly domain has led to a substantial amount of research contributions. This history can be traced via the European Research projects such as: SCOPES (ESPRIT III, 1995) , CISAL (De Lit et al., 2003) , E-RACE (Lohse et al., 2004) , EUPASS (2008), IDEAS (Onori et al., 2012) , IRAMP-EU (2013), (Pinto et al., 2015) amongst others. These projects advanced the concepts of MAS, but also highlighted the need for a change in the business approach for the design of MAS (Maffei and Onori, 2011) . The openMOS project is yet another European initiative, which aims to deliver a common operating system that connects all the Plug-andProduce devices in the system (openMOS Project, 2015) .
Traditionally, system design targets minimising cost while maximising productivity. To achieve a sustainable system design, one needs to enhance the traditional approach with the definition of specific standards, metrics and respective assessment methods. Engineering sustainability is a complex task of balancing processing time, cost, product quality, resource performance and ecological impacts (Haapala et al., 2013) . This would usually require the application and development of Multi Criteria Decision Making (MCDM) tools (Li et al., 2010) . MCDM tools offers a range of methods such as; Grey Relational Analysis (GRA), Fuzzy Logics (FL) and a few other techniques. These are often combined with a preference evaluation method such as; Analytic Hierarchy Process (AHP) or Quality Function Deployment (QFD) for characterizing the relative weight of the assessment metrics (Ilgin and Gupta, 2010; Ramani et al., 2010) . Chan, Yu and Yung (2010) proposed the TRIZ (an acronym, which means the 'Theory of Inventive Problem Solving') method that resolves potential conflicts within the processes to improve the performance of the system.
All the above-mentioned tools have been previously used in the Design for X (DfX) methods such as; Design for Disassembly, Design for Material selection, Design for Recycling and Environment (Eco-Design). Ilgin and Gupta (2010) reviewed DfX techniques and proposed a MCDM based evaluation method for designing an environmentally conscious manufacturing system. Kaebernick et al., (2003) proposes a cost model to evaluate the manufacturing systems' end-of-life options. Garbie and Ibrahim (2016) developed an integrated design framework for sustainable manufacturing that focuses on legislative issues, contemporary issues, product customizations and the flexibility of the system using a single index weighted sum approach. Harun and Cheng (2011) proposed a Design for Sustainable Manufacturing (DfSM) methodology, which integrates modelling, simulation and Life Cycle Assessment (LCA) to evaluate the performance and environmental impacts of an automobile paint shop. Ramani et al., (2010) reviewed the issues of designing a sustainable product, while highlighting the critical gaps that prevents the advancements of eco-designs towards sustainable manufacturing. Similarly, Umeda et al., (2012) presented a comprehensive review of integrated product and process life cycle planning. This highlights the lack of a systematic and strategic life cycle planning as the major obstacles towards sustainable manufacturing. Ziout et al., (2013) proposed a methodology to assess the sustainability of manufacturing systems' reuse by providing variable weights to balance between the economic, environmental and societal parameters.
However, the down side of these approaches is that they do not consider the historical operational information when designing new assembly systems. Data-driven approaches are becoming more realistic with historic information being more accessible as the industries are heavily investing on digitalisation and data acquisition systems. Despite this new trend, there is still no methodology that considers the use of this information to support the design of RMAS. The novelty and requirements to achieve reusability in RMAS can be summarized as follows:
• Effective standards and models that capture the domain knowledge to enable transparent descriptions that enable the formalisation of the MRAS design steps.
• Integrated solution that enables the gathering of operation information for efficient prediction of equipment lifespan.
• Customisation of design process steps with common underlying semantic model.
• Effective methods that includes the used production equipment during the configuration and reconfiguration of new assembly lines. Under this landscape, this paper proposes a collaborative framework that allows seamless, agile and remote participation of stakeholders involved in the RMAS design process. This will include tools that support the decision-making process, including the integration of new business consideration for RMAS. The rest of the paper is organized as follows: section 2 presents an architectural overview of the RMAS design process; section 3 describes the novel methodology for an integrated RMAS design; section 4 presents the validation for interoperability in assembly system design via services through an industrial case study; finally, section 5 presents some final conclusions.
The Design Process of MAS -an Overview
Assembly systems are generally designed to assemble one or more product variants. From a technical point of view, the RMAS design process would not deviate from the traditional MAS design process, which is typically divided into four main steps as shown in Figure 1 . The first step is to capture the requirements of the desired assembly system. This is usually grouped into product, process, system and business requirements. This process is mainly focused on the product related aspects, such as: product structure, subassembly/component features, physical links, specific handling needs, system performance and cost requirements. The specification of requirements also enables the elicitation of process requirements based on the product details. It is important to note that this is a dynamic process, which can change during the design process due to unexpected constraints. This can include mandatory changes, which are mainly the information feedback from the other design stages. For instance, if it not possible to configure the assembly system with the available resources, then the requirements may need to be adjusted accordingly.
Once the requirements are established, the second step is to match the requirements against an available set of equipment modules (new and/or used) to produce one or more valid assembly system configurations. This process gets more complex with higher number of available modules, as the solution space exponentially increases. ReBorn proposes a web-based online repository called 'Market Place', which can hold the new and used equipment specifications from several suppliers. The used equipment specifications details when the modules are not in use and include up to date information in terms of their remaining life span, operational and service histories. Reusing equipment modules will also increase the solution space, and subsequently increases the system integrator's effort to analyse all the possible combinations of equipment modules which result in valid solutions. Moreover, the idea of reusing equipment modules adds concerns about their reliability, which needs to be considered. The resulting complexity can be addressed by adopting an appropriate computational technique, which can efficiently explore the solution space and provide optimal solutions with less time and effort. Furthermore, the addition of reliability and costing aspects should not overly complicated, as this would again significantly increase time required to find solutions.
The third step of the MAS design process, which highly influences the success rate of the business, as it evaluates the performance and cost of the configuration solutions generated at step two. It has been recognised from the literature that the key parameters to assess the configuration solutions are cost, time, quality and flexibility (Chryssolouris, 2006) . However, the balance between these aspects is not always clear, particularly with solutions that combine new and used equipment. Subsequently, the generated solutions are ranked in terms of their risks, and a human driven decision can be made to select an appropriate solution.
The final step is to consider the system layout, which may often result in the adjustments of transport mechanisms to best utilize the factory space. This could also identify potential new requirements and require restarting the whole design process cycle.
Once all steps are validated and approved, the MAS design process is concluded, and the system can be commissioned.
Integrated Design Methodology for RMAS
The modularization of production systems has enabled the smooth integration and the development of configuration methodologies. However, these advances are not considered for the equipment reusability due to the concerns about their reliability. More recently the trend towards self-descriptive equipment modules and cyber-physical-devices, has opened the door for gathering information about equipment operations (ReBorn Project, 2013) . This ensures a better understanding about the current-state of the used modules, which in turn can help to establish certain metrics for reusability. Additionally, modules are expected to have higher lifespans due to better predictive maintenances, which can be scheduled based on the operational data of the equipment. The combination of these aspects provides a greater potential to exploit their increased life
and reliability, by reusing them in newer production setups. Therefore, this work proposes the development of a new Framework based on the established design process, which can support the design of RMAS. The ReBorn project developed a Workbench to aggregate all the stages of the RMAS design process in a single work place. It was designed to encapsulate all the individual design stage developments, and provide support tools to the end-users as the design process progresses.
The developed Workbench is not only a graphical interface but also a management instrument for the layout design and re-configuration of production lines. It has both frontend and backend interfaces. The frontend is a web interface developed in HTML5 and JavaScript, accessible through any web browser (mobile supported). The web interface allows authenticated users to access the different tools. The first step in the process enables users to define a set of assembly process requirements, relevant constraints and objectives for a given system. The Workbench allows the tracking of the sub-sequent developments of the design process, while providing access and ensuring successful integration between all the tools. This is achieved through the backend consisting of REST Web Service API that manages the entire communication between the different tools. The API is modular and flexible, since the tools are independent. One can add or replace tools, if they support the communication API. This means that the tools can be used on demand, and the design process steps can be facilitated by other tools, or even manually.
Figure 2 provides overview of the Framework, which details the functionalities of the RMAS design process. This process is divided into four main stages, which requires four specialised support tools: Requirements Tool, the RMAS Configurator, System Assessment tool (SAT) and the Layout tool. A Marketplace tool is also required as a critical input to this framework. This tool will allow equipment suppliers and owners to list their equipment. The requirements tool will facilitate the capture and the formalisation of the product, process and business requirements for the new or reconfigured assembly system. The RMAS Configurator enables an efficient exploration of configuration solution space. It provides several optimal solutions based on a given set of product requirements and available modules. The SAT is used to analyse and detail the total lifecycle impact of the proposed solutions to ensure the appropriate solution is selected. The Layout Tool analyses the final solution and provides support for its adaptation, given the layout constraints of the shop floor.
The data exchange between the different tools and the ReBorn Workbench is done through AutomationML (IEC 62714) (Yoong et al., 2015) . AutomationML (AML) (AutomationML e. V., 2012) is an emerging standard providing the advantages of having data exchange across multiple engineering domains. The data format is XML schema-based which makes it ideal for the modelling production systems and self-descriptions of plugand-produce devices. As the current developments in AML do not entirely support the assembly systems domain, several enhancements were done to ensure the support for the RMAS design process. This enables the incorporation of RMAS data without compromising the object-oriented modelling approach of AML, while providing the hierarchical representation of the assembly system. The use of this common AML model allows a seamless communication through every single step of the design phase. Furthermore, it allows information integration across all the self-description files of the plug-and-produce equipment modules (ReBorn Project, 2013) .
Requirements Tool
The Requirements Tool captures all the key requirements of a production line and provides a Web Interface which guides the user through the process. The information that is gathered comprises: general company details (e.g. name, country); factory related information (e.g. available space, layout); KPIs that the user is interested in (e.g. OEE, TLC); components that are required for the production (e.g. dimensions, required feeders); assembly process requirements specifying how an assembly is built together (e.g. assembly workflow); the assemblies themselves, linking the assembly with all information collected before.
Requirement sets can be stored and reused anytime for different scenarios or for corrections. As soon as the requirements specifications are stored, they are formalized and exported in the ReBorn enhanced AML format. It then can be used in the ReBorn Workbench to advance the design process.
Marketplace
The ReBorn Marketplace (Fonseca et al., 2016 ) is a platform, based on the multi-sided market concept, which allows equipment owners/providers and buyers to have a common ground to communicate. The Marketplace has two main parts: a database and a web interface. The database has the data for both new and old equipment modules, which includes module description, reliability data, skills, and historic operational records. All this information has access/authorization restrictions. The Marketplace Web Interface allows a vendor to add equipment to be sold or to be rented with all the necessary information, such as country, price, condition of the machine (years, operating hours, reliability data based on past operation, etc). This rent/sell information that can be viewed by everyone.
The Marketplace can receive requests from the Workbench and send all the information available from the modules that meet the request. The information is stored in an AML file that is sent to the Workbench.
RMAS Configurator
The RMAS Configurator generates solutions based on the set of established requirements and the existing equipment modules (old and new). IBM ILOG CPLEX Optimization Studio (2009) was used to build an assembly configuration optimization model and generate solutions. The detailed operational description of this model can be found in (Anandan et al., 2016) .
The input for the RMAS Configurator is an AML file with system requirements and both old and new equipment modules. This file is sent by the ReBorn Workbench through the REST service bus. This tool uses critical information from the requirements, namely skill types, cycle time, cost, reliability information and remaining life of the reusable modules. It is important to note that a simplified cost model is used as this significantly reduces the solution space making this process faster. Nevertheless, this does not replace the need for a more detailed total lifecycle cost analysis, which is conducted by the SAT (see section 3.4).
After the internal solution generation process, the configuration solutions are inserted in AML files. These files are then sent to the ReBorn Workbench. It is important to note that each configuration solution contains all the information at this stage. This entails the requirements, all the individual module self-descriptions and the configuration information. The configuration information provides the link between modules and requirements, while also providing the configuration details of the actual system. This guarantees that all the required information for the subsequent tools is stored in the output AML files.
System Assessment Tool (SAT)
The SAT (Aguiar, Pinto and Gonc, 2016) receives the multiple solutions created by the RMAS Configurator as AML files. For each of these solutions, the SAT calculates the reliability and the life cycle status information of the system, using the equipment operational records, which are included in the AML file. This tool has two main objectives: (i) provide an easy and intuitive way for a user to compare machines or production lines; (ii) provide a web API service to be able to receive requests and communicate the results with the other components in the Workbench, or other future applications.
The SAT is able to compare machines and production lines in terms of reliability metrics (failure rate, mean time between failure, mean time to repair, reliability, availability, performance, quality, and OEE overall equipment effectiveness), of life cycle cost metrics (future value, present value, net present cost, and net present value with initial costs), and of life cycle assessment metrics (life cycle emissions and impact categories such as Global Warming Potential or Ozone Depleting Potential). The ability to compare the solutions in detail will inform the selection of the final design. It is important to note that the information gathered during this process will be stored in the respective AML solution files, which guarantees complete transparency without any loss of data.
Layout Tool
The Layout Tool is the component responsible for finding the optimized layout for the factory shop floor. It takes into consideration several aspects like space restrictions, equipment to be included, restrictions on material flow and delivers a solution minimizing the associated cost. The largest cost of designing a layout is related to the material transport. So, the main objective of the Layout Tool is to define a layout that optimizes transport, reducing the need for such equipment.
The Layout Tool gets an input of the updated system configuration solution from the SAT which should be the most cost-effective solution (before layout). The tool tries to fit the footprint of the proposed system within the available space on a given factory shop floor blueprint. Additional transport modules may have to be introduced to allow workstations to be arranged to avoid existing obstacles and round around corners. Based on the modified layout, the decision is taken whether to use the optimum solution of the system configuration, or explore one of the less optimal solutions in case they are a better fit for the available space in the factory. Any additions to the system configuration (added transport modules) are included in a modified AML file.
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Illustrative Example
The demonstrator for the ReBorn provides the environment to showcase the integrated design environment. The modular assembly system platform of PARO AG has been used to demonstrate and test the integrated RMAS design approach. Sample modules are shown in the marketplace as part of Figure 3 . PARO AG is a special purpose machine and systems builder, particularly focused on the development of technologies for the automation of assembly systems. PARO was a project partner in Reborn and delivered their experience in the field of flexible assembly systems. Their equipment modules were enhanced with the technology developed in the project and used for demonstration purposes. The illustrated example includes PARO AG's flexible assembly workstation frames, tools, conveyors and feeders.
The RMAS design process begins with the definition of product requirements. In this illustrative example, a simple product assembly consisting of four parts (base plate, a peg, a ring, and a cover) is used (see product driven requirements example in Figure 3 ). This information establishes the base inputs for the Requirements tool, which is triggered using the ReBorn Workbench. The user defines the sequence of assembly tasks that are required to complete the product assembly. This includes the task precedencies, special part-handling requirements, tooling requirement, etc. Moreover, the user can also provide business requirements (e.g. production rate, product quality, etc) and system requirements (e.g. energy consumption, space constraints, etc). On completing the requirements definition, an AML file is generated and passed to the workbench.
Once the requirements are established, the workbench allows the triggering of the RMAS Configuration tool. This tool uses the AML formalized requirements, in combination with the AML formalized information of new and used equipment modules provided by the Marketplace. The tool then explores the solution space by matching the requirements with the equipment specifications to generate solutions (see the configurator example in Figure 3 ). This process is enabled by the formal AML model, which establishes the relationships between the core concepts, namely: 'Skill', 'Skill Requirement' and 'Skill Recipe', with an underlying common concept of 'Skill Type'. 'Skill' defines the process capabilities of the assembly system and its sub-systems or 'Equipment Modules'. The 'Skill Requirements' enable the formalization of the process requirements for the product. Both these concepts need to share a common 'Skill Type' to ensure automatic matching between these concepts. The 'Skill Recipe' defines how a 'Skill Requirement' can be fulfilled by an equipment's 'Skill', which has an acceptable range of 'Parameters', and is generated by the RMAS Configuration tool. The detailed operational description of this model can be found in (Anandan et al., 2016) .
Each valid solution generated is stored in a separated AML file. For illustration, one can have a requirement that can be fulfilled by a new or old equipment module. This results in at least two solutions being generated. The following step would require the detailed assessment of these solutions, which is enabled on the Workbench when the solutions are available. Therefore, the user can trigger the SAT tool, which receives the AML solution files as an input. The SAT analyses the solutions in terms of reliability, life-cycle cost, and lifecycle assessment metrics, as mentioned before. The SAT then updates the system configuration AML solutions with these metrics as to keep a record of these and establish a ranking of the solutions (see the system assessment tool example in Figure 3 ).
The user then decides which solution to take forward based on the provided information. This enables the Layout tool in the Workbench, which is triggered using the selected solution (AML) as the input. This tool examines the configuration solutions and assesses the feasibility of the solution based on the space restrictions. This tool is then used to guide the user to establish a cost-effective layout based on the inputs provided. For illustration, one might be able to put three PARO workstations in a row and require a conveyer in between two of the cells (see the layout tool example in Figure 3 ). In the end of this process, the final system blueprint is generated and stored in a final AML file.
Conclusions
The process of designing assembly systems is complex and the introduction of reusable equipment only increases this complexity. Nevertheless, this remains a human driven process and thus it is important to provide support tools to deal with the complexity.
This paper proposed a novel integrated approach for supporting the designing RMAS. A service-based integrated prototype framework developed in the context of the ReBorn project, which is reported in this paper for the first time. The communication through an enhanced AutomationML model provides an integrated and transparent approach for the automation domain, which is extendible to other engineering
domains. Furthermore, this model was used to gather data from the equipment modules, which can in turn be used to ensure reusability of equipment does not compromise the reliability of the system.
The supporting tools and their impact is described across the several phases of the RMAS design activities. The potential of this integrated approach is illustrated industrial case study, where any of the steps could be replace by other tools. This work provides a novel service-based framework that uses an enhanced AutomationML model for exchanging engineering information throughout the design process. This approach provides system configurations using both new and reused modules, without compromising the overall reliability of the system.
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